Introduction
Lead Strontium Titanate (PST) is a ferroelectric perovskite similar to the well known Barium Strontium Titanate (BST). Its transition point between the cubic paraelectric and tetragonal ferroelectric state (Curie temperature) can be shifted linearly by varying the Pb/Sr ratio and is just below room temperature with a ratio of 40/60. For voltage tunable applications the paraelectric state is favored because it offers low dielectric losses (tanδ) due to the absence of the permanent electric dipole, which implies that on removal of an electric field the polarization in the material returns to zero, viz. P/E measurements show no hysteresis at room temperature. The maximum tunability, defined as max min max (%) 100 CC n C − =⋅ , where C max is the capacitance value at zero bias and C min the value under bias, of ferroelectrics is observed in the paraelectric state close to the Curie temperature. At present, the research on PST thin films focuses on the diffused phase transition and relaxor behavior, the dielectric response of dc bias, and the growth kinetics on different kind of substrates and oxide buffer layers. It is commonly known that proper element doping at A or B site in ABO 3 perovskite-type ferroelectrics is an effective way to alter the ferroelectric and dielectric properties. It has been shown for BST that some dopants including Mg 2+ , Ni 2+ , Fe 3+ , Mn 2+ , Mn 3+ , Co 2+ , Co 3+ , Al 3+ , Cr 3+ and Bi 3+ , which can occupy the B site of the ABO 3 perovskite structure, behave as electron acceptors and can lower the dielectric loss, enhance the dielectric constant and thus the tunability and figure of merit (%) () tan (%)
For PST, being a relatively new system under increasing investigation for voltage tunable devices, only a few papers on B site doping can be found in the literature [e.g. 13 -15] and the presented results are not very clear and satisfying. The aim of this study is to improve the material performance of PST 40/60 by doping of the B site with manganese (Mn 2+ ), which has an ionic radius of 0.67 Å, comparable to that of Ti 4+ (0.68 Å), and was used in our lab to improve the ferroelectric and pyroelectric properties of sol-gel derived PZT tin films [16 -18] , to gain a deeper understanding of the effect of doping. A big advantage of the sol-gel route is the ease of doping. By varying only milligrams of the dopant in the initial steps of the solution preparation, one can study the implications on the www.intechopen.com
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final properties of the film time and cost effective. Starting with pure, undoped PST 40/60 we sequently increased the Mn 2+ doping level from 1 to 5 mol% and studied the effects on morphologies, dielectric properties with and without dc bias and the ferroelectricity of the resulting thin films. It is found and explained that a doping level of 2 mol% Mn 2+ results in optimal properties in terms of tunability and loss.
Experimental procedures
To prepare a 40/60 composition of (Pb,Sr) TiO 3 with, for example, 3 mol% of manganese, the stoichiometric amounts of lead acetate and strontium acetate were dissolved with slightly warming in a mixed solvent of propanediol and acetic acid. Meanwhile the stoichiometric amounts of titanium butoxide and manganese acetate were mixed in a N 2 glove box in acetic acid. Both solutions were mixed and stirred at room temperature overnight. The final solution was diluted with 2-methoxyethanol to adjust the concentration of the solution to 0.4 M. The thus prepared precursor solution was deposited via spin coating onto silicon substrates with a Ti/Pt bottom electrode at 3000 rpm for 30 seconds. In each trial the sample was placed on a hotplate at 350°C for 10 min to evaporate the solvents and annealed on a second hotplate at 650°C for 15 min. A single layer thickness was approximately 50 nm. To obtain thicker films (~300 nm) the process was repeated six times. An Edwards E480 thermal evaporator was used to deposit Cr/Au top electrodes onto the ferroelectric thin films through a shadow mask with hole-areas of 0.48 mm 2 . A Siemens D5005 diffractometer was used for all the XRD measurements. Scanning electron microscopy (S-FEG SEM) was performed on a Philips XL30. To analyse the surface topography of the samples a Digital Instruments Dimension 3000 AFM was used. Contact mode was used to make high-resolution topographical images. An RT66A Standardised Ferroelectric Test System was used to analyse the ferroelectric hysteresis properties of the thin films produced during this study. Fig. 1 shows X-ray diffractograms of PST 40/60 doped with 0, 1, 3 and 5 mol% Mn. All the films show a major (110) orientation at 2θ = 32.2° and are well crystallised as confirmed by SEM ( Fig. 2) and AFM (Fig. 3) . The SEM photographs show clearly that an increasing Mn content has a remarkable influence on the microstructure of (Pb,Sr)TiO 3 . The clearly visible grains in Fig 2(a) have an average grain size of 150 nm. With increasing Mn content the grains become smaller, ~ 80 nm in 2(b), and indistinct in 2(c), and finally in 2(d), the microstructure has a sponge-like appearance. AFM surface scans of an area of 2 x 2 µm are depicted in Fig. 3 . It indicates a decrease of the RMS-roughness with increasing Mn content from 3.37 nm for pure PST down to 1.69 nm for PST with 5 mol% Mn. The dielectric constant and loss of these films at zero bias are depicted in Fig. 4 . At first the dielectric constant increases with increasing Mn content or with decreasing roughness/grain size. But there is a sharp decrease in the dielectric constant after 3 mol% Mn while the roughness/grain size is further decreasing. The dielectric constant of PST with 5 mol% Mn is even lower (~300) than that of pure PST. Sun at al. [19] have doped the A site of BST with K + and showed a clear relationship between grain size/surface roughness and
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The Effect of Mn Doping on the Dielectric Properties of Lead Strontium Titanate (PST) 183 dielectricproperties of BST thin films. Both, the roughness/grain size and dielectric constant increased with the doping level up to 7.5 mol% K + and decreased afterwards. However, no such relationship could be found for B site Mn doped PST in this study. [14] . They found that the dielectric constant increases with increasing doping level up to 3 mol% Mg 2+ with a sharp decrease afterwards. They attributed this behaviour to the generation of oxygen vacancies which induce a positive charged defect in the crystal. Generally, oxygen vacancies are generated by heat treatment under non-oxidising atmosphere [14] . In thin films that are annealed in ambient atmosphere, they form a socalled dead-layer at the interface between the bottom electrode and the ferroelectric thin film. In the case of Mg doped PST, Mg 2+ ions replace Ti 4+ ions in the PST lattice due to a similar ionic radii of Mg 2+ (r = 0.72 Å) and Ti 4+ (r = 0.68 Å), hence B site doping. According to Li et al. proper Mg addition (0 < x < 0.03) in (Pb 0.4 ,Sr 0.6 )(Mg x ,Ti1 -x )O 3 thin films could be used as acceptors in the ABO 3 perovskite structure. It induces a negative charge and thus balances the positive of the oxygen vacancies. Then with the charge being compensated, the lattice distortion ratio in the system decreases, viz. the lattice structure of Pb 0. 4Sr0 .6 Mg x Ti 1-At the same time, more polarization paths may be provided when the lattice structure becomes more "perfect". This results in an increase of the dielectric constant. However, with further Mg doping, excessive oxygen vacancies would be created in the system. The lattice distortion ratio of the perovskite phase structure of the film would increase and then the phase formation ability decreases. For the purpose of this paper the theoretical work presented by J.Yang et al. is adopted and it is believed that the hopping conduction due to the hopping of the charge carriers between Mn sites lowers in the end the dielectric constant and increases the loss in PST thin films 
Tunability and ferroelectricity of Mn doped PST
for the voltage controlled capacitance [29] . C max is the measured capacitance under zero bias and V 2 is the "2:1" voltage at which C(V 2 )=C max /2, normally an easily measured quantity. The figure shows that the tunability of (Pb 0.4 ,Sr 0.6 )(Mn 0.01 ,Ti 0.99 )O 3 is slightly higher than the tunability of (Pb 0.4 ,Sr 0.6 )(Mn 0.03 ,Ti 0.97 )O 3 . Actually no surprise as we discovered that the hopping of the charge carriers between the Mn sites begins to occur in 2 mol% Mn doped PST. As a consequence the perovskite PST crystal is already slightly degraded at 3 mol% of Mn, as it can already be seen in Fig. 2 . [V] are: pure 9.5/5.1; 1% 15/3.5;3% 13.8/4.5; 5% 5.7/8.5
It should be noted here that V 2 could not be measured directly for PST with 1 and 5 mol% Mn due to the early blistering of the top electrode in same cases. In these cases V 2 was calculated using the formulation
where V n is the voltage at which the capacitance is reduced by n viz. n = C max / C min [29] . The calculated curves were fitted to the values measured with positive bias because a clear relationship between Mn content and tunability can be seen within these values, whereas
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the measured values for PST doped with 1 and 3 mol% are not really distinguished under negative bias. The decrease in the oxygen vacancy concentration due to the generation of higher valance Mn ions leads as well to a restraint domain pinning, and in turn to an improvement of ferroelectric properties because oxygen vacancies are always considered as the major pinning cause of ferroelectric domain wall motions [30] . The enhancement of ferroelectric properties in (Pb 0.4 ,Sr 0.6 )(Mn x ,Ti 1-x )O 3 with increasing Mn content is shown in Fig. 7 . The polarisation-voltage dependence of pure PST 40/60 shows a typical paraelectric behaviour -a straight line at room temperature. With increasing Mn content both the remnant polarisation and the coercive field increase, indicating an enhancement of ferroelectricity. It should be noted here that only the first hysteresis was measured on each sample, therefore the loops are not closed. The hysteresis loops are very slim compared to those of real ferroelectric materials like PZT and are similar to those observed in relaxor ferroelectrics in which the dielectric constant maximum does not correspond to a transition from a non-polar phase to a ferroelectric polar phase, such as observed in Lead Magnesium Niobate (PMN) [31] . On the fundamental science side it is still a challenge to develop an understanding of the many interesting and peculiar features by this kind of materials, because the interactions responsible for the relaxor ferroelectric phenomena are on the macroscopic scale. On the application side, this class of materials offers a high dielectric constant and high electrostriction, which are attractive for a broad range of devices [32] . That PST shows a relaxor behaviour was demonstrated by Hua Xu et al. [33] for instance. Pb 0.5 Sr 0.5 TiO 3 ferroelectric films were deposited onto Pt/Ti/SiO 2 /Si substrates by pulsed laser deposition. The state of the films was described as a mixed state, with both ferroelectric and relaxor-like features. The films exhibited high dielectric constant and tunability at room temperature. At 10 kHz, the dielectric constants of the 200-nm-and 400-nm-thick films were 771 and 971, with the tunability of 60.2% and 70.9%, respectively. The temperaturedependent dielectric properties were studied and the relaxor-like behavior was observed in both the thinner and thicker PST films, which could be established in terms of diffuse phase transition characteristics and Vögel-Fulcher relationship. In addition, the contribution of the film-electrode interface layer to the dielectric properties was evaluated and the true dielectric properties of the films were reconstructed. Consequently, the relaxor-like character of the PST films was mainly ascribed to the effect of the film-electrode interfaces. All these values drop significantly when the Mn doping level exceeds 3 mol% and we identified two possible reasons for this behaviour. First, Mn 2+ doping consumes oxygen vacancies to get incorporated as Mn 3+ and/or Mn 4+ at the Ti 4+ site of the (Pb,Sr)TiO 3 perovskite crystal structure. The negative charged Mn ions balance the positive induced charge of the oxygen vacancies leading to a more "perfect" (cubic) and electronically saturated perovskite. At the same time, more polarisation paths may be provided when the lattice structure becomes more "perfect". This results in an increase of the dielectric constant, tunability and FOM. At a doping level of 2 mol% Mn, the crystal is totally saturated. With further doping a hopping conduction due to the hopping of the charge carriers between Mn sites begins to occur and becomes distinct in 5 mol% doped films. This type of hopping process is therefore associated with a certain amount of Mn dopant and more Mn amount can provide more pathways for the total hopping process. The dielectric constant, tunability and FOM decreases. Hysteresis measurements show the effect of an enhanced ferroelectric characteristic in Mn doped PST and give rise to the question whether a relaxor like behaviour is also observable or not.
Conclusion
At the end it is worth pointing out that localised electron hopping between mixed-valence Mn ions provides a possibility to induce double exchange effects of Mn 2+ and Mn 3+ or Mn 4+ and thus brings about magnetic properties [15] . This may be the mechanism behind the magnetic effect in Mn doped PbTiO 3 observed by Kumar et al. [35] . The coexisting of ferroelectric and ferromagnetic properties in a single PST thin film would provide a fresh method to obtain multiferroics.
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